The CRISPR-Cas9 system, a repurposed bacterial adaptive immune system, is a powerful 43 programmable genome editing tool for research, including in eukaryotic systems, that also has 44 potential for gene therapy (PICKAR-OLIVER and GERSBACH 2019). With this system, Streptococcus 45
pyogenes Cas9 nuclease is directed to a target site or sites in the genome that have a unique 20 46 nt sequence followed by a 3 bp sequence conforming to NGG known as the protospacer 47 adjacent motif (PAM). A double-strand break (DSB) induced by Cas9 nuclease recruits the 48 cellular machinery, which can repair the break either through the error-prone non-homologous 49 end-joining (NHEJ) pathway or through homology directed repair (HDR). NHEJ often results in 50 insertions and/or deletions (indels), which can result in frameshift mutations. HDR allows 51 researchers to introduce or 'knock in' specific DNA sequences, such as precise nucleotide 52 changes or reporter cassettes. 53 54
In addition, catalytically dead forms of Cas9 have been fused with different effector 55 proteins to manipulate DNA or gene expression (PICKAR-OLIVER and GERSBACH 2019 Many rules for sgRNA design are generalizable and many web tools have been 80 developed to predict sgRNA sequences for the human genome and genomes of numerous 81 model organisms. There are two types of input that sgRNA design tools typically accept: (1) 82 gene symbols or genome coordinates and (2) sequences. Resources that support the former 83 typically precompute sgRNAs based on annotated reference genome information. Moreover, 84 these sgRNA sequences are designed based on a single wild-type reference sequence without 85 considering variants (e.g. CHOPCHOP, GuideScan; Table 1 ). With the second type of input, some 86 tools BLAST user input sequence against a reference genome and correct any differences 87
introduced by the user, thus making it impossible to design sgRNAs against a variant allele (this 88 is the case for example for CRISPR-ERA and CRISPR-DT; Table 1 ). With others, it is possible to 89 design a sgRNA to target variant allele (e.g. E-CRISPR, CRISPOR and CRISPRscan; Table 1 ). 90
However, these tools require that the user retrieve the genomic sequences surrounding the 91 variant and select designs that specifically target the variant region after the program sends 92 back all the results. For a bench scientist, this is a time-consuming and error-prone process. For 93 example, when the coding variant is near an exon-intron boundary, the user needs to retrieve 94 the exon sequence as well as the intron sequence and enter these into the program. In addition, 95
the user cannot do batch entries with most of the online tools that take sequence as an input 96 (e.g. E-CRISPR, CRISPOR and CRISPRscan; Table 1 ). A few command line programs that take 97 sequence as the input were developed for batch design; however, based on our experience, 98 these tools or specific features either do not work or are not easily configured by bench 99 scientists without programing experience (Table 1 ). In addition, researchers might need 100
features that are missing from current tools, such as an option to target SNPs either together or 101 independently of one another when the SNPs are nearby one another. Moreover, the ability to 102 compare sgRNA designs targeting the same locus in the wild-type and the variant allele in terms 103 of efficiency and specificity would also be very useful when targeting a heterozygous variant. 104 105
To broaden the application of sgRNA design tools to better accommodate SNPs and 106 small indels, we developed SNP-CRISPR. SNP-CRISPR is a web-based tool that accepts variant 107 annotations as the input and uses rigorous off-target search algorithms to predict the specificity 108 of each target site in the genome for wild-type and variant sequences. SNP-CRISPR offers 109 customized options and allows users to easily and rapidly select optimal variant-specific CRISPR-110
Cas9 target sequences in genes from a variety of organisms. 111 112 113
METHODS 114 115
Pipeline development 116 117
The SNP-CRISPR pipeline environment is managed using the Conda package and 118 environment management system (ANACONDA 2016). This allows for convenient reproduction of 119 the necessary software dependencies and versions on different machines. The majority of the 120 pipeline logic at SNP-CRISPR is written in Python using Biopython, with some Perl used for the 121 BLAST and efficiency score analysis (COCK et al. 2009 ). Potential off-target loci are evaluated by 122 performing a BLAST search of each design against the species reference genome. An off-target 123 score is assigned based on both the number of hits found in the BLAST results and the number 124 of mismatched nucleotides per off-target hit. Designs are also assigned an efficiency score that 125
was computed using a position matrix; detailed information about the input dataset and 126 algorithm can be found in (HOUSDEN The web-based version of SNP-CRISPR provides the functionality of the design pipeline 156
with an easy-to-use interface and interactive results view. Users can select up to 2,000 variants 157 of interest in Variant Call Format (VCF) or a csv file in the provided format, and then upload this 158 file on the SNP-CRISPR homepage. The acceptable variants include single nucleotide changes, 159 small insertions and small deletions. The user then chooses the species and whether to create 160 designs that target each input variant individually or to target all SNPs within each potential 161 sgRNA sequence. When a user submits input, the web logic starts a job on the Harvard Medical 162
School "O2" high-performance computing cluster, using the uploaded file and parameters as 163 input for the pipeline. After the pipeline finishes running, an automated email is sent to the 164 user with a link to a webpage at which the user can view and export results. For a couple of 165 variants, the design pipeline usually takes up to a few minutes and with an input of 2,000 166 human SNP variants, it takes about half an hour for users to receive the results by email. The 167 result page shows the wild-type and variant designs with corresponding scores in a tabular view 168 that can be sorted by one or more columns. The output table also lists the genome targeting 169 position of each sgRNA and the position of the variant within the sgRNA sequence relevant to 170 the PAM sequence. The variant is shown in lowercase, which can be easily spotted by users. 171
Using the checkboxes in the left-most column, users can opt to export all or only selected rows 172
to an Excel or csv file. Currently, SNP-CRISPR supports reference genomes from human, mouse, 173 rat, fly and zebrafish (Figure 1) . 174
Computation of potential variant-targeting sgRNAs 176 177
Users are required to upload variant information in one of the supported formats 178
including the genome coordinates, the sequence of the reference alleles and the sequence of 179 the variant alleles. First, SNP-CRISPR validates the input reference sequences and will warn 180 users if the submitted reference sequences does not match, which might reflect a different 181 version of the genome assembly being used in the user input vs. SNP-CRISPR. filtering options are available for custom applications based on user needs (Figure 2 ). 195 196
To facilitate identification of the best variant-specific sgRNAs, we provide information 197 about both sgRNAs targeting specific variants and sgRNAs targeting the reference sequence in 198 the same region. The efficiency score and an off-target score are provided, and the positions of 199 relevant SNPs or indels in the sgRNA are included so that users can select the most suitable 200 sgRNA or filter out less optimal ones. 201 202
The web tool supports up to 2,000 variants per batch while the command line version 203 has no limit with the number of variants and can be used for any annotated genome. SNP-CRISPR is a unique web tool that designs sgRNAs targeting specific SNPs or indels. 217 SNP-CRISPR is user-friendly and provides all possible CRISPR-Cas9 target sites in a given 218 genomic region with required parameters, allowing users to select an optimal sgRNA. SNP-219
CRISPR provides not only efficiency scores but also off-target information for sgRNAs targeting 220 sequences with and without SNPs and/or indels of interest in the same genomic region. 
